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Abstract

Hepatocellular carcinoma (HCC) is a leading cause of cancer death worldwide; its incidence is increasing in the United States.
Depending on disease extent and underlying liver status, patients may be treated with local, locoregional, and/or systemic
therapy. Recent data indicates that radiotherapy (RT) can play a meaningful role in the management of HCC. Here, we review
published experiences using RT for HCC, including the use of radiosensitizers and stereotactic RT. We discuss methods for
performing preclinical studies of RT for HCC and biomarkers of response. As a part of the HCC Working Group, an informal
committee of the National Cancer Institute’s Radiation Research Program, we suggest how RT should be implemented in the
management of HCC and identify future directions for the study of RT in HCC.

The Molecular Radiation Therapeutics Branch (MRTB) is a
Radiation Research Program (RRP) in-house branch activity that
serves as a focal point for collaborations with the
Developmental Therapeutics Program (DTP) and the Cancer
Therapy Evaluation Program (CTEP) in the Division of Cancer
Treatment and Diagnosis (DCTD), investigators in the Radiation
Biology and Radiation Oncology branches in the Center for
Cancer Research (CCR), and academia and industry collabora-
tors addressing research and development needs in combined
modality therapy using radiation. Through these efforts, the
MRTB stimulates discussion among various disease site/biology
working groups that interact periodically to introduce new
agents as radiation modifiers from either the CTEP portfolio or
company interactions. The hepatocellular cancer (HCC)
Working Group is one of eight disease site groups focused on
the development and incorporation of novel modalities for the

management of HCC. This review is a thorough summary of the
discussions and recommendations that have resulted from the
activities of this working group.

HCC is the third most common cause of cancer death world-
wide (1). It ranks sixth worldwide in terms of incidence, and it is
particularly common in developing countries (2). Rates of HCC
diagnosis are increasing in many parts of the world, including
the United States (3). The majority of patients diagnosed with
HCC are not eligible for radical curative therapy, and median
survival for such patients is less than one year (4). While the
multitargeted small molecule tyrosine kinase inhibitor sorafe-
nib has been shown to prolong overall survival (OS) in advanced
HCC, it yields low radiographic response rates and transient sta-
bility, with no chance of tumor ablation or cure (5). Randomized
trials have failed to identify a systemic therapy regimen that is
superior to sorafenib (6–8).
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Local therapeutic options for unresectable HCC include
radiofrequency ablation (RFA), percutaneous ethanol injection
(PEI), other ablative procedures, and transarterial chemoemboli-
zation (TACE). Encouraging local control rates and cases of long-
term survival following RFA or PEI have been reported, typically
when small (<2–3 cm) lesions are treated (9–12). Lesions not
suitable for local ablation are generally treated with TACE.
While TACE provides a survival benefit over supportive care for
unresectable HCC, objective responses are seen in only approxi-
mately one-third of patients (13), and long-term survival follow-
ing TACE for HCC is rare (14).

Because of a lack of randomized trial data supporting its
safety and efficacy, ionizing external beam radiotherapy (RT)
has been used relatively rarely in the management of HCC (15).
Because of recent advances, RT is now listed in the National
Comprehensive Cancer Network Guidelines as a locoregional
treatment option for inoperable HCC (Category 2B, http://www.
nccn.org). In this paper, we briefly review published experiences
using various forms of external beam RT for HCC. We summa-
rize available data regarding the combination of RT and radio-
sensitizing agents, and we suggest that the unique attributes of
HCC necessitate novel approaches to studying multimodality
treatment regimens, including RT.

Radiotherapy as Monotherapy for HCC

The widespread adoption of RT for HCC has been hindered by
several challenges. RT has historically yielded suboptimal
results in the treatment of HCC with regards to both treatment
efficacy and toxicity. The prospects of using RT effectively for
HCC, however, have improved with the development of im-
proved treatment techniques.

Whole liver RT, which can be an effective palliative measure
for patients with painful liver metastases, can only be delivered
safely to doses of approximately 30 Gy using standard fraction-
ation (16). When the whole liver is treated to doses above 30 Gy,
the risk of radiation-induced liver damage (RILD) increases sub-
stantially. RILD typically occurs within three months after he-
patic irradiation. Patients may present with fatigue, weight
gain, hepatomegaly, anicteric ascites, and a relatively isolated
elevation in alkaline phosphatase compared with other liver en-
zymes. Patients with liver cirrhosis are at increased risk for
RILD compared with patients with healthy livers (17,18).
Patients with chronic hepatic disease may also develop
“nonclassic” RILD, which can present with jaundice and an ele-
vation in all liver enzymes (19). Because of strong associations
between liver disease, HCC formation, and intolerance to he-
patic RT, the “therapeutic window” for effectively treating HCC
with whole liver RT is essentially nonexistent in the absence of
effective strategies to protect against or reverse RILD. Low-dose
RT may be used to palliate symptoms from end-stage HCC (20).

The delivery of conformal partial liver RT can allow for safe
dose escalation as the liver parenchyma is arranged with func-
tionally parallel architecture. Single-institution experiences in
which HCC patients received partial liver RT with median doses
of 40 to 66 Gy using standard fractionation demonstrate re-
sponse rates of 57% to 92% and severe (grade � 3) late toxicity
rates of less than 15%. Median overall survival in those series
ranges from nine to 16 months (21–24).

Recent technological advances in target definition, treat-
ment planning, and setup verification have allowed radiation
oncologists to explore hypofractionated stereotactic body RT
(SBRT) for a number of malignancies, including HCC. Potential

benefits of SBRT include decreased normal tissue irradiation,
delivery of increased biologically effective doses to target tis-
sues, and exploitation of tumoricidal mechanisms that are not
active when standard fractionation is used (25). Condensed
treatment courses also mitigate concerns regarding accelerated
tumor cell repopulation and are more convenient for patients.

Numerous experiences using SBRT for primary liver tumors
have now been reported. A wide variety of dosing and fraction-
ation schedules have been used, with total doses ranging from
24 to 60 Gy over three to 10 fractions (26–33). Review of the larg-
est series describing SBRT for primary liver tumors leads to the
following conclusions:

1) SBRT can be implemented safely in properly selected HCC
patients.
Reported severe toxicity rates following SBRT are generally
less than 10% in Child-Pugh A patients (26-32,34,35). Over
the past two decades, radiation oncologists have gained a
greater understanding of the dose-volume effects of partial
liver RT. Normal tissue complication probability (NTCP)
models are now able to predict the risk of classic RILD asso-
ciated with a given treatment plan (36,37). In many institu-
tions, SBRT dosing is being individualized for each patient
based on tumor size, predicted NTCP, and/or liver function
(26,27,29,32).

2) SBRT for HCC yields excellent local tumor control rates.
Reported local control rates two to three years following
SBRT for HCC range from 68% to 95% (26-28,31-33,35,38-40).
These series are summarized in Table 1. In a systematic re-
view synthesizing data from the treatment of nearly 400 le-
sions, actuarial local control rates at one, two, and three
years were 93%, 89%, and 86%, respectively (41) (Figure 1).
A recent retrospective study suggested that SBRT may
achieve better local control rates than RFA for tumors larger
than 2 cm (39). It is difficult to comment on control rates at
time points beyond two to three years as follow-up is lim-
ited in published series and long-term survival for patients
with inoperable HCC remains rare.

3) Out-of-field disease progression following SBRT for HCC is
common.
In contrast to the encouraging local control rates quoted
above, two- to three-year progression-free survival
(PFS) rates following SBRT range from 21% to 48%
(26-28,30,31,33,35,40). Following SBRT, disease progression
most often occurs in the untreated liver (28,31). This, in
combination with underlying patient characteristics (poor
functional status, chronic liver disease), produces disap-
pointing two- to three-year overall survival rates following
SBRT of 21% to 69% (26-31,40,42).

4) Response assessment following SBRT for HCC is difficult.
Following SBRT, 37% to 85% of HCC lesions demonstrate a
partial or complete response using RECIST criteria or similar
tools (26-29,31,32,34,42). RECIST and other conventional re-
sponse assessment algorithms, however, may not be pre-
dictive of clinical outcomes following localized therapy for
HCC (43). Other radiographic response criteria, based on vi-
sualization of tumor necrosis and/or intratumoral arterial
enhancement, have been developed and examined as
predictors of clinical outcomes following TACE or RFA
(42,44–46). Few reports have examined the relationship be-
tween treatment response and eventual clinical outcomes
following SBRT for HCC (26,28). Functional imaging such as
FDG-PET may also have a role in this setting and is being ex-
plored by some groups.
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Radiosensitization for HCC

For many solid tumors, concurrent radiosensitizing chemother-
apy is routinely added to definitive radiotherapy based on ran-
domized trials demonstrating improvements in local control
and/or overall survival. A typical example is cervical squamous
cell carcinoma. Cisplatin was established as the cornerstone of
therapy for metastatic disease over 30 years ago (47).
Subsequent preclinical reports suggested that cisplatin affects
the radiosensitivity of cervical carcinoma cell lines (48). RT was
already an option for the definitive treatment of cervical cancer,
so clinical trials were performed to test the combination of cis-
platin and RT in the curative setting (49,50). Based on the suc-
cess of those trials, cisplatin-based chemoradiotherapy is now
the standard of care for locally advanced cervical cancer.

While classical radiosensitizers have been studied in HCC as
well, clinical results thus far have been less encouraging. In a
prospective trial performed by the RTOG in the 1980s, nearly 200
HCC patients were treated with whole liver RT using either con-
ventional fractionation (21.0 Gy in 3.0 Gy daily fractions) or a
hyperfractionated schedule (24.0 Gy in 1.2 Gy fractions given
twice daily) with concurrent doxorubicin and 5-FU (51).
Increased toxicity rates were seen in patients treated with
hyperfractionated RT, yet response rates were only approxi-
mately 20% in both groups. Median survival was approximately
five months in each arm.

Partial liver RT, using a variety of dosing and fractionation
schedules, has also been tested with numerous radiosensitizers
for HCC. In a phase II study performed at the University of
Michigan, radiotherapy was delivered concurrently with hepatic
arterial floxuridine for patients with unresectable intrahepatic
tumors (52). This chemotherapy was administered as a continu-
ous infusion, typically through a percutaneous hepatic arterial
catheter placed through the brachial artery or with a hepatic ar-
tery catheter and pump placed during a previous laparotomy.
Cumulative radiotherapy doses were chosen to provide a 10% to
15% estimated maximum risk of RILD for each patient. The me-
dian RT dose delivered was 60.75 Gy delivered in 1.5 Gy fractions
given twice daily (interquartile range ¼ 51 to 75 Gy), and RILD
actually occurred in only 4% of patients. Other serious adverse
events were also rare. Among the 35 of 108 subjects with a diag-
nosis of HCC, objective responses were seen in 40% of patients,
and median survival was an encouraging 15 months. In a
Korean study of 40 HCC patients with portal vein thrombosis

who were treated with partial liver RT and hepatic arterial 5-FU
given continuously during weeks 1 and 5, similar results (45%
response rate, 13 month median survival [95% confidence inter-
val {CI} ¼ 2 to 37 months]) were obtained (53).

Systemic administration of chemotherapy has also been
used concurrently with conformal RT for HCC. A Korean group
has published several reports describing their experience using
partial liver RT in combination with chemotherapy (54–56).
Patients were treated with conventionally fractionated RT to a
dose of 45 Gy over five weeks, with infusional 5-FU administered
during weeks 1 and 5. Patients then went on to receive TACE.
Approximately one-half of patients displayed endoscopic evi-
dence of radiation-induced gastroduodenal complications, and
15% had serious gastroduodenal complications (54). Thirty-four
percent of patients demonstrated a radiographic response fol-
lowing chemoradiotherapy. Median PFS was 6.5 months (95% ¼
5.5 to 7.5 months), and median OS was 11.3 months (95% ¼ 10.2
to 12.5 months). Among patients who underwent FDG-PET im-
aging prior to RT, high maximal tumor SUV was associated with
decreased PFS and OS (56). In another analysis, AFP response,
defined as a 50% reduction from pretreatment baseline, was re-
ported in 68% of patients. AFP response correlated with radio-
graphic response and an approximate doubling in median PFS
and OS when compared with AFP nonresponders. Both radio-
graphic response and AFP response were independent predic-
tors of prolonged PFS and OS on multivariable analysis (55).

Smaller series in which conformal RT doses of 40-50 Gy have
been combined with other agents such as capecitabine (57) and
thalidomide (58) have demonstrated encouraging toxicity pro-
files, with median survival ranging from nine to 12 months.

Numerous groups are exploring the combination of multitar-
geted small molecule tyrosine kinase inhibitor sorafenib with
RT. Two randomized trials demonstrated that sorafenib pro-
longs overall survival for patients with inoperable HCC and es-
tablished sorafenib monotherapy as the first-line systemic
treatment for advanced HCC around the world (5,59,60).
Preclinical data also demonstrates that sorafenib may act as a
potent radiosensitizer in HCC cell lines (61). Several case reports
describe impressive radiographic responses when HCC has
been treated with the combination of sorafenib and RT (62,63).
A similar agent, sunitinib, has yielded impressive results when
added to conformal RT in a single-institution experience (64). A
search of ClinicalTrials.gov reveals approximately 10 ongoing

Table 1. Results from selected series of stereotactic radiotherapy for hepatocellular carcinoma reporting local control rates at two to three
years

First author (country) Sample size SBRT schedule
Prescription

point/volume
Median follow-up

(range) Local control

Andolino (United States) 60 patients 24–48 Gy, 3–5 fx PTV (80% IDL) 27 mo 90% at 2 y
Dewas (France) 42 patients*, 48 lesions* Median 45 Gy, 3 fx PTV (80% IDL) 15 mo 91% at 2 y
Honda (Japan) 30 patients* Median 48 Gy, 4 fx Isocenter 12 mo (6–38) 94% at 2 y
Jang (Korea) 82 patients, 95 lesions <45 Gy, 3 fx (n¼11) 45–54 Gy,

3 fx (n¼ 47) >54 Gy,
3 fx (n¼ 57)

PTV (70%–80% IDL) 30 mo (4–81) 87% at 2 y

Kang (Korea) 47 patients Risk-adapted, 3 fx PTV (70%–80% IDL) 17 mo (6–38) 95% at 2 y
Kwon (Korea) 42 patients Median 33 Gy, 3 fx PTV (70%–85% IDL) 29 mo (8–49) 68% at 3 y
Sanuki (Japan) 185 patients 35 Gy, 5 fx (n¼ 48) 40 Gy,

5 fx (n¼ 137)
PTV (70%–80% IDL) 25 mo† (3–80) 91% at 3 y

Wahl (United States) 63 patients, 83 lesions 27–60 Gy, 3–5 fx PTV (75%–85% IDL) 13 mo 84% at 2 y

*Subset of larger cohort with hepatocellular carcinoma. fx ¼ fractions; IDL ¼ isodose line; PTV ¼ planning target volume; SBRT ¼ stereotactic body radiotherapy.

†Estimate.
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trials testing the combination of sorafenib and RT, all of which
were initiated after the 2007 FDA approval of sorafenib for HCC.
RT techniques employed in these studies include convention-
ally fractionated partial liver RT, SBRT, proton beam RT, and se-
lective internal RT (SIRT). In RTOG 1112, nearly 400 patients
with inoperable HCC unsuitable for TACE are being randomly
assigned to receive sorafenib monotherapy vs SBRT followed by
sorafenib. This sequential approach has been chosen to mini-
mize toxicity risks. There are a few ongoing trials testing other
agents (eg, bevacizumab, thalidomide) with RT.

Combined Modality Therapy for HCC – Special
Considerations

It is logical that combined modality approaches including RT
are not utilized by most centers in the treatment of HCC as both
RT and systemic therapy have traditionally played a relatively
minor role in this disease. As the aforementioned experiences
with partial liver RT for HCC demonstrate, local tumor control
does not necessarily translate to long-term patient survival be-
cause it does not address HCC patients’ underlying liver dys-
function and the risk of disease progression in the untreated
liver or elsewhere. If, based on tumor location and patient char-
acteristics, ablative RT doses can be delivered safely to confor-
mal target volumes using SBRT, the focus of combined modality
therapy should shift away from classical radiosensitizers, which
act synergistically with RT to augment local cytotoxic effects.
Ideal drug candidates for combination with RT would instead
address the risk of out-of-field disease progression, either by
controlling micrometastatic disease, attenuating the field can-
cerization effect seen in diseased livers, or promoting host anti-
tumor immunity. Identification of such agents, which might not
demonstrate activity against HCC as monotherapy in preclinical
tests, poses a substantial challenge. Hence, future preclinical

screenings of novel agents should be tested using standard
chemo-radiotherapy approaches.

There is no shortage of systemic agents being studied for the
treatment of HCC. Advances in cancer biology have elucidated
numerous cellular signaling mechanisms that are critical to
HCC development, progression, and metastasis. Signaling cas-
cades implicated in the pathophysiology of HCC include the
MAPK/ERK pathway, the PI3Kinase/AKT/mTOR pathway, the
Wnt/b-Catenin pathway, and angiogenic pathways (65). In a
search of ClinicalTrials.gov, we identified over 100 distinct tar-
geted agents that are in various phases of clinical study for ad-
vanced HCC (Table 2). Many more agents are being evaluated in
preclinical experiments. Our challenge is therefore to design an
efficient platform for identifying which of these targeted agents
has potential for working as a complement to RT. We will briefly
describe several forms of preclinical tests that are used in the
study of HCC and suggest which might be most suitable for this
purpose.

1) In vitro Testing.
The standard technique for determining the effectiveness
of one or several antineoplastic agents is the clonogenic cell
survival assay (66). Classical radiosensitizers, which act
synergistically with RT to reduce cell survival, can be identi-
fied using this technique. While this test is relatively
straightforward and can be performed rapidly, it has several
limitations. Its results reflect activity against one or several
cell lines, which may be poor representations of actual hu-
man tumors. An important drawback is the inability to
model therapeutic effects on tumor stroma. This is particu-
larly relevant in the case of targeted biologic agents, many
of which act by altering interactions between a tumor and
its microenvironment. In the aforementioned preclinical re-
port testing the combination of sorafenib and RT against a
colorectal cancer cell line, for example, there was little evi-
dence of radiosensitization in vitro, yet substantial synergy

Figure 1. Kaplan-Meier curve for local control following stereotactic body radiotherapy for hepatocellular carcinoma, based on a recent systematic review (41). Sample

size ¼ 394 lesions. Numbers remaining at risk are listed above the x-axis.
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between RT and sorafenib was demonstrated in vivo (67).
Other tests that can be performed in vitro include assays of
DNA damage (eg, c-H2AX probes) and tests for activation of
radiation-induced signaling pathways (eg, PI3K/mTOR).

2) In vivo Testing
Rodents are commonly used for cancer research because of
their high breeding capacity, short lifespan, and physiologic
and genetic similarities to humans. Mice have been used
extensively for in vivo HCC experiments, and we believe
that mouse models will play a large role in the discovery
of effective agents for combination with RT. The most rele-
vant methodology for this purpose is probably the tumor
growth delay assay, in which treatments are evaluated
based on retardation of disease progression in tumor-
bearing mice. Several forms of mouse HCC models have
been developed.

In xenograft cancer models, HCC tumors are formed by in-
jecting human cancer cells into immunodeficient mice. Both
the source and the target of the xenograft cells may vary.
Tumors can be established by direct implantation of material
from biopsy or resection of a human HCC. Injections can be ec-
topic (typically in the subcutaneous tissue of the mouse flank)
or orthotopic (into the mouse liver). In the case of orthotopic
models, sophisticated animal imaging platforms may be re-
quired for accurate tumor measurement (68). The use of estab-
lished cell lines facilitates comparison of results from different
experiments. Tumor phenotypes can vary greatly between cell
lines, however, so it important to use several cell lines when us-
ing the xenograft model. The primary advantage of xenograft
models is the short time span required for tumor formation.
A key drawback is that the important interplay between tumors,

the immune system, and cancer therapeutics is lost when ex-
periments are performed using immunocompromised mice.

The relevance of murine models to the human HCC popula-
tion may be heightened in nonxenograft models, where chronic
chemical exposure is used induce liver disease and HCC
formation in mice. Agents that have been used for this purpose
include N-nitrosodiethylamine, aflatoxins, peroxisome prolifer-
ators, carbon tetrachloride, and thioacetamide (69). The inci-
dence of chemically induced HCC varies between agents but is
typically greater than 70%. The timing of tumor formation also
varies between compounds and dose levels and is generally be-
tween 20 and 100 weeks. The aggressiveness, metastatic poten-
tial, and molecular characteristics of the HCC tumors also
depend on the carcinogenic agent. One advantage of chemically
induced models is that they mimic the injury-fibrosis-
malignancy cycle seen in humans. The hepatic tumor environ-
ment may therefore resemble that of human HCC patients, and
the tolerance of the injured murine liver to aggressive treat-
ments may be comparable with that of a cirrhotic human liver.

Combining the two approaches described above, some in-
vestigators have studied HCC by stimulating murine liver dam-
age using carbon tetrachloride or alcohol and injecting HCC
cells directly into the fibrotic livers (70). Tumor growth and me-
tastasis is accelerated in these models, but the use of cell lines
necessitates repetition with several HCC variants.

Finally, genetically modified models (GMMs) can be engi-
neered to mimic the behavioral and molecular features of hu-
man HCC in mice. Transgenic mouse genomes can be
constructed to include fragments of viral DNA (eg, hepatitis B
virus, hepatitis C virus), to overexpress oncogenes (eg, c-myc,
b-catenin), to overexpress growth factors (eg, TGF-a, EGF), or to
have deficient protein transport mechanisms (eg, alpha-1

Table 2. Targeted agents in clinical hepatocellular carcinoma studies, grouped by biologic compartment

Compartment Target Agents

Tumor growth factors
EGF Cetuximab*, erlotinib*, vandetanib*
PDGF Axitinib, BIBF 1120, linifanib, MEDI-575, orantinib, preretinoin, pazopa-

nib*, sorafenib*, sunitinib*
IGF AVE 1642, BIIB 022, cixutumumab, linsitinib, MEDI-573
TGF LY2157299
HGF TAC-101

Cell signaling pathways
PI3K/mTOR AZD 8055, CC-223, NVP-BEZ 235, salirasib, evorlimus*, sirolimus*,

tacrolimus*
MEK/ERK BAY 86-9766, isomalto oligosaccharide sulfate, PD 0325901, selumetinib
JAK/STAT AZD 1480, OPB-31121
“Pro-apoptotic” Artemisinin, cantharidin analogues, fenretinide, genistein, melatonin,

xanthohumol, XIAP antisense AEG 35156, fluvastatin*, simvastatin *
HDAC Belinostat, panobinostat, resminostat, vorinostat*

Tumor microenvironment
VEGF Apatinib, axitinib, brivanib, cediranib, cabozantinib, foretinib, linifanib,

nintedanib, orantinib, ramucirumab, vatalanib, bevacizumab*, pazopa-
nib*, sorafenib*, sunitinib*, vandetanib*

PDGF Axitinib, linifanib, nitedanib, orantinib, preretinoin, pazopanib*, sorafe-
nib*, sunitinib*

Other antiangiogenics AMG 386, bavituximab, PI-88, tetrathiomolybdate, lenalidomide*,
thalidomide*

Hypoxia Darinaparsin, TH-302

*US Food and Drug Administration–approved. EGF ¼ epidermal growth factor; ERK ¼ extracellular signal-regulated kinase; HDAC ¼ histone deacetylase; HGF ¼ hepato-

cyte growth factor; IGF ¼ insulin-like growth factor; JAK ¼ Janus kinase; MEK ¼ mitogen-activated protein kinase; mTOR ¼ mammalian target of rapamycin; PDGF ¼
platelet-derived growth factor; PI3K ¼ phosphoinositide 3-kinase; STAT ¼ signal transducer and activator of transcription; TGF ¼ transforming growth factor; VEGF ¼
vascular endothelial growth factor.
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antitrypsin). Each of these alteratiofns leads to HCC formation
and/or hepatic fibrosis in mice (69).

We believe that the best models for studying combined mo-
dality treatment approaches involving RT are those in which
HCC tumors develop within diseased liver tissue. Additionally,
small animal irradiation platforms should be used to deliver tar-
geted RT to the mouse tumors, just as RT would be imple-
mented in HCC patients. This will allow for concurrent
evaluation of radiographic and histopathologic responses, dam-
age to uninvolved hepatic tissue, and out-of-field disease pro-
gression rates. Agents that yield promising results with regards
to these endpoints should then be studied in clinical HCC trials.

A relatively new consideration in experimental oncology is
the cancer stem cell (CSC) theory. CSCs are thought to possess
unique survival mechanisms and have the ability to self-renew,
differentiate, and proliferate, even after a prolonged period of
quiescence (71). CSCs may also be resistant to conventional che-
motherapy and RT (72). Several recent reports strongly support
the CSC hypothesis (7375), highlighting CSCs as appealing ther-
apeutic targets. Numerous markers (eg, CD133, CD44, EpCAM)
for HCC CSCs have been identified, and several pathways (eg,
Wnt/b-catenin, AKT, IL-6) that are central to hepatic CSC signal-
ing have been described (76). Agents that target HCC CSCs by in-
hibiting these pathways may be ideal candidates for
combination with local treatments such as RT.

Defining the Current Role of RT in HCC

Based on the clinical data summarized above, we believe that
RT can be incorporated into the management of HCC in several
situations, depending on disease extent and patient character-
istics. Figure 2 depicts how we suggest RT might be incorporated
into the BCLC staging system (77,78). Of note, there are many
factors (eg, tumor location, specific tumor size beyond 3 cm,
prior treatments received) that are not included in the BCLC al-
gorithm that are critical in selecting the optimal treatment
pathway for a specific patient. We therefore advocate careful
multidisciplinary evaluation for every HCC patient. We believe
that the evidence supporting our recommendations falls into
NCCN Category 2B or USPSTF Level II.

For early-stage disease (including “very early-stage”), SBRT
may be added to our armamentarium of ablative therapies that
are likely to achieve long-term local control. With other modali-
ties, such as RFA, it has already been established that treatment
efficacy decreases as target size increases (39,79). This may be
the case for SBRT as well, as large lesions are paradoxically gen-
erally treated with less aggressive dosing schedules based on
toxicity risks (80). One important exception to this generaliza-
tion might be in the use of particle therapy, whose highly con-
formal treatment delivery might allow large lesions to be
treated safely with aggressive SBRT schedules (81–83). In any
case, the selection of the best treatment modality should be
based on the perceived chances of achieving tumor control
without causing toxicity for each individual patient. For lesions
located near the diaphragm, liver capsule, or large vessels,
where RFA may not be optimal, SBRT may be the preferred abla-
tive therapy.

For intermediate-stage disease (defined in the BCLC classifi-
cation as “multinodular, PS 0” but perhaps also including pa-
tients with large solitary tumors and/or somewhat impaired
performance status), it is likely that the best outcomes will be
achieved using a combined-modality approach. Randomized
trials suggest that RFA combined with TACE yields better

outcomes than either modality alone (84–86), particularly for
large lesions (85). Similarly, the combination of TACE and RT
seems to yield better outcomes than TACE alone (35,87).
Combined-modality strategies that can be considered include
the combination of SBRT with another locoregional treatment
or the combination of RT with a classical radiosensitizer in
cases where SBRT might be unsafe because of nearby radiosen-
sitive organs at risk.

For advanced disease (eg, diffuse liver involvement, extrahe-
patic disease, disease refractory to locoregional therapy), RT
may be used in a palliative role (88). SBRT may even be consid-
ered in selected patients with advanced cirrhosis (89).

Future Directions for RT in HCC

RT for Downstaging Prior to Liver Transplantation

Liver transplantation is an established treatment for early-stage
HCC that eliminates the liver tumor(s), removes the major organ
at risk for disease progression, and allows recovery of liver func-
tion. The Milan criteria were established to select patients with
limited disease burden who are likely to have favorable onco-
logic outcomes following transplantation (90). For patients who
are initially outside of transplant criteria, liver-directed treat-
ments such as TACE, RFA, and/or radioembolization have
“downstaged” patients to be within criteria in 24% to 69% of
cases (91). Outcomes for such patients who undergo transplan-
tation are comparable with outcomes for patients who are eligi-
ble for upfront transplantation (91).

Reports on the use of RT as a means to downstage HCC pa-
tients prior to liver transplantation are extremely limited. In
one case report, conventionally fractionated RT (54 Gy in 27 frac-
tions) was used to treat a 7.6 cm lesion that had progressed after
TACE (92). The patient had a complete radiographic response
and underwent transplantation, and explant pathology re-
vealed a complete pathologic response. Given that excellent lo-
cal control rates that have been observed when SBRT has been
used for inoperable HCC patients, we believe that SBRT should
be compared with other liver-directed treatments as a means
for downstaging patients who are outside of transplant criteria.
Downstaging may serve as a valuable clinical endpoint because
patients who undergo transplant can be expected to have a fa-
vorable prognosis.

Combining RT With Immunotherapy for HCC

Immunotherapy, which is an emerging tool in oncology, has not
yet been established in the treatment of HCC. Unlike some other
malignancies, HCC cells do not appear to be inherently immu-
nogenic. Furthermore, viral hepatitis infection and liver cirrho-
sis, which are exceedingly common in HCC patients, may
generate an immunosuppressed state. Recent reports from
early-phase clinical trials testing checkpoint inhibitors for HCC,
however, demonstrate promising results with regards to
treatment efficacy and tolerability (93). A recent randomized
trial demonstrated that adjuvant treatment with activated killer
T-cells may prolong survival following resection or tumor
ablation (94).

There is a growing body of evidence indicating that RT may
enhance the antitumor effects of immunotherapeutic agents
through dissemination of tumor-associated antigens, activation
of cellular danger signals, and modifications of the host micro-
environment. A number of preclinical studies have
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demonstrated synergy between RT and agents targeting im-
mune checkpoint proteins, such as CTLA-4 (95,96) and PD-1
(97,98). Clinical trials are now testing combinations of RT and
various forms of immunotherapy (99,100).

Preclinical data using human HCC tumor cultures and mu-
rine models demonstrates that RT increases cell surface expres-
sion of immunogenicity markers and increases sensitivity to
dendritic cell therapy (101–103). This strategy is particularly
appealing, as conforming RT to a small target volume may en-
hance the efficacy of immunotherapy, leading to eradication of
untreated macroscopic lesions and/or occult microscopic
disease.

Preclinical and clinical studies demonstrate particular prom-
ise for the combination of RT and C-X-C chemokine receptor
type 4 (CXCR4) blockade in the management of HCC. CXCR4 in-
hibition mobilizes hematopoietic stem cells into the blood-
stream. CXCR4 signaling plays a role in HCC progression, and
high CXCR4 expression in HCC patient tumor specimens has
been correlated with advanced disease stage and inferior clini-
cal outcomes (104). In several tumor models, CXCR4 silencing
has been shown to increase tumor responsiveness to RT and
chemotherapy (105,106). CXCR4 inhibition has recently been
shown to increase sensitivity to anti-PD1 immunotherapy in a
murine HCC model (107). Importantly, CXCR4 is implicated in
liver fibrosis (108), and CXCR4 inhibition is being explored as
a treatment for cirrhosis. The addition of CXCR4 inhibition
may widen the therapeutic window for RT in HCC both by en-
hancing treatment efficacy and preventing progressive liver
dysfunction.

Epigenetic Agents and Radiotherapy

Epigenetic modifications are heritable changes that affect gene
expression without altering the genes sequences. Several
agents with epigenetic mechanisms have gained approval for
cancer therapy. Histone deacetylase (HDAC) inhibitors, in par-
ticular, have shown promise for the treatment of HCC (109,110).
These agents have been found to have radiosensitizing proper-
ties in a variety of tumor models (111,112), including HCC (113).
Early-phase clinical trials combining RT and HDAC inhibitors
have been performed for a variety of malignancies (114,115).
There is rationale for performing similar studies in HCC
patients.

A final concept that bears mentioning is that the role of RT
in HCC may expand if effective treatments for liver disease be-
come available. Hepatocyte transplantation (HT) has already
been proposed as an alternative to liver transplantation for the
treatment of metabolic and end-stage liver diseases (116).
Mouse models have demonstrated the potential of using HT to
ameliorate RILD (117). Preclinical studies have also shown that
multipotent bone marrow–derived cells have therapeutic poten-
tial in liver cirrhosis (118). Further development of strategies to
improve the hepatic function of HCC patients prior to therapy
would minimize the risk of treatment-related toxicity, and/or
reverse treatment sequelae would expand the therapeutic win-
dow for RT in HCC.

Biomarkers

The presence of HCC and therapeutic interventions can lead to
critical modifications in several components of both the tumor
microenvironment and the surrounding normal tissue com-
partment. Measuring these changes could provide valuable
predictive information regarding treatment efficacy and
toxicity.

Alpha-fetoprotein is well-established as a blood-based tu-
mor marker in HCC (119). AFP-L3, an isoform of AFP, is cur-
rently being tested as a more specific tumor marker for HCC
(120). It may be particularly useful for patients who have inde-
terminate levels of AFP. Levels of the prothrombin precursor
des-gamma-carboxyprotrombin (DCP) are also elevated in
many HCC patients while it is not detectable in most other
liver diseases. DCP and AFP-L3 are being studied as biomarkers
in phase II clinical trials (121). Other potential tumor bio-
markers of interest include hepatocyte growth factor (HGF)
(122) and alpha-L-fucosidase (AFU) (123). There has been an
attempt to discover biomarkers using the proximity ligation
assay of multiplex protein analysis in serum. Through this
assay, four biomarkers were identified and tested in clinical
settings (124).

Biomarkers of liver injury might aid with therapeutic deci-
sions and/or prompt initiation of measures to mitigate
treatment-related toxicities (125). While several biomarkers for
liver injury have been studied (126), radiation-specific toxicity
biomarkers in HCC have not been identified. This area warrants
additional attention.

Figure 2. Current Barcelona Clinic Liver Classification system and proposed roles for radiotherapy in the management of hepatocellular carcinoma. HCC ¼ hepatocellu-

lar carcinoma; PS ¼ performance status; RFA ¼ radiofrequency ablation; RT ¼ radiotherapy; SBRT ¼ stereotactic body radiotherapy; TACE ¼ transarterial

chemoembolization.
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Clinical Research Priorities

Technological advancements have improved the therapeutic in-
dex of RT for HCC, such that SBRT appears to be at least compa-
rable with other locoregional treatments for appropriately
selected patients. Prospective clinical trials are needed to solid-
ify the role of RT in the management of HCC.

Several randomized trials have demonstrated comparable
outcomes when small HCC lesions are treated with RFA or re-
section (127,128). Similar trials will be needed in order to conclu-
sively establish the role of SBRT in this setting.

RTOG 1112 is a pivotal trial seeking to incorporate SBRT into
the multimodality treatment of patients with more advanced
disease. Successful completion of this study will demonstrate
that SBRT for HCC can be studied in the cooperative group set-
ting and pave the way for future trials.

The possibility of using SBRT for downstaging has received
relatively little attention to date. We believe that prospective tri-
als testing this concept and comparing RT with other locore-
gional treatments as a means to achieve downstaging should be
a priority. The ability to study explant pathology following neo-
adjuvant therapy may yield novel insights into the mechanisms
by which RT for HCC can be optimized.

Translational Research Priorities

Preclinical and translational discoveries will be needed to un-
lock the full potential of RT and meaningfully improve out-
comes in the HCC patient population. Clinical trials have thus
far failed to establish a role for immunotherapy in HCC, but fu-
ture studies will focus on combination immunotherapies and
the detection of biomarkers to guide treatment selection (129).
Epigenetic biomarkers and epigenetic inhibitors have shown
promise in HCC models and may one day serve valuable roles in
both the detection and treatment of HCC (130).

Conclusions

Recent technological advances have generated renewed interest
for incorporating RT in the management of unresectable HCC.
Depending on disease extent, current evidence supports the use
of RT as a curative local therapy, in combination with regional
or systemic therapy, and as a palliative measure. Available data
suggest that RT may play a role in downstaging patients who
are initially ineligible for liver transplant or as a means to en-
hance the efficacy of novel systemic treatments. Well-designed
clinical trials are needed to establish how RT should be aligned
with other therapies with specific biomarker monitoring for the
optimal management of HCC.
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